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Abstract.

Gamma Ray Bursts (GRBs) are brief, randomly located, releases of gamma-ray
energy from unknown celestial sources that occur almost daily. The study of GRBs
has undergone a revolution in the past three years due to an international effort of
follow-up observations of coordinates provided by Beppo/SAX and IPN GRB. These
follow-up observations have shown that GRBs are at cosmological distances and inter-
act with surrounding material as described by the fireball model. However, prompt
optical counterparts have only been seen in one case and are therefore very rare or much
dimmer than the sensitivity of the current instruments. Unlike later time afterglows,
prompt optical measurements would provide information on the GRB progenitor. LO-
TIS is the very first automated and dedicated telescope system that actively utilizes
the GRB Coordinates Network (GCN) and it attempts to measure simultaneous opti-
cal light curve associated with GRBs. After 3 years of running, LOTIS has responded
to 75 GRB triggers. The lack of any optical signal in any of the LOTIS images places
numerical limits on the surrounding matter density, and other physical parameters in
the environment of the GRB progenitor. This paper presents LOTIS results and de-
scribes other prompt GRB follow-up experiments including the Super-LOTIS at Kitt
Peak in Arizona.

INTRODUCTION

The dramatic breakthrough in our understanding of GRBs occurred when the
high resolution x-ray detector on the Beppo/SAX satellite was able to determine
the position of a GRB with sufficient accuracy [1] to enable a large telescope to



observe a faint, fading afterglow days later. Optical [2] and radio afterglows now
have been observed for about a dozen GRBs during the last two years. These long-
lasting but faint afterglows have been successfully explained in the fireball models
as the result of the heating up of surrounding material by the GRB energy release
[3]. From the spectra of the apparent hosts of the afterglows we now know that
the GRBs are at cosmological distances and also have gained some understanding
of the GRB energy output, ambient environment, and dynamics.

The goal of the LOTIS experiment is to measure prompt visible emission occur-
ring within seconds of the gamma-ray energy release and presumably containing
information about the GRB progenitor. To accomplish this we developed and
have been operating an automated wide field-of-view telescope for over 3 years at
Lawrence Livermore National Laboratory (LLNL) that responds to triggers dis-
tributed by the Gamma-ray burst Coordinate Distribution Network (GCN) by
rapidly imaging the GRB coordinate error boxes. This instrument collected data
on over 75 GRBs and in all cases found no evidence for prompt visible emission
down to its sensitivity limit.

During the onset of the rainy season in Livermore, a similar competing instru-
ment, ROTSE, at Los Alamos, NM, responded to a GCN trigger from GRB990123
whose GRB error box was later localized by the Beppo/SAX detection of a fading
X-ray source which led to the later detection of optical afterglows [4]. Subsequent
analysis of the ROTSE images showed a prompt optical transient at mag~9 [5].
A signal this bright would clearly have been seen by LOTIS, however to this date
prompt optical signals have not been seen from any other GRB in the large LOTIS
sample. This burst was a very strong event having a peak gamma-ray flux of 16.4 v
cm~? 57! and a total fluence of 2.0 x 10~ erg cm 2. In addition, GRB990123 exhib-
ited an extremely hard gamma-ray spectrum and the prompt optical flux measure-
ment is not consistent with an extrapolation of the burst spectrum to low energies
[6]. With only this single case of bright prompt optical emission, it is difficult to
determine which burst characteristics might predict such a flash. We attempt to
compare the LOTIS limits with the observed prompt signal from GRB990123 to
constrain the physical parameters of the reverse-shock model suggested by Sari &
Piran [7].

LOTIS

LOTIS was constructed to rapidly cover the real-time GCN trigger error box,
which was limited by the BATSE 1o error of 2 ~ 10°. This large error requires
wide field-of-view optics to obtain statistically meaningful results. LOTIS uti-
lizes commercially available Canon /1.8 telephoto lenses with 200mm focal lengths
yielding effective apertures of 110mm diameter. The electronic focal plane sensors
are 2048 x 2048 pixel Loral 442A CCDs with 15 x 15um pixels driven by custom
read-out electronics. Each Canon telephoto lens/camera assembly has a field-of-
view of 8.8 x 8.8° with a pixel scale of 15”. Four cameras are arranged in a 2 x 2




FIGURE 1. Lotis and Super-LOTIS telescopes.

array to cover a total field-of-view of 17.4 x 17.4° overlapping 0.2° in each dimen-
sion. LOTIS is located 25 miles east of Livermore, CA. The first picture of Figure
1 shows the LOTIS system.

LOTIS RESULTS & INTERPRETATION

During more than 1330 possible nights of observations (Oct. 1996 through May
2000), LOTIS responded to 145 GCN triggers. Of these, 75 triggers were unique
GRB events. The quality of the LOTIS coverage for a given event depended on: the
observing conditions, the LOTIS response time, the error in the rapidly distributed
GRB coordinate, the size of the final error box, and the duration of the GRB.
The following table lists the 13 events for which LOTIS achieved the best overall
coverage. These results have been published [8], [9], [10].

Table 1 shows our best events during this period. Since LOTIS did not see any
optical activity in the visible, correlated with any of these events, we determine
from the conditions in each case an upper limit on the brightness of any possible
visible signal missed by LOTIS.

This set of LOTIS upper limits has been used to determine if typical GRBs,
for which LOTIS has shown not to have counterparts, are similar to GRB990123,
the only GRB event ever observed to have a prompt visible counterpart. Since
GRB990123 also had an unusually strong gamma-ray emission, it is interesting to
compare the LOTIS limits with predicted optical signals based on the measured
optical intensity of GRB990123 scaled by the ratio of the x-ray intensity for each
LOTIS burst to the x-ray intensity of GRB990123. Since the x-ray intensity of a




TABLE 1. Best LOTIS events and scaled GRB990123 limits

Event Peak Fluence Burst LOTIS LOTIS Scaled  Scaled

Flux duration  response limit mag to  mag to

time peak fluence

yem™%s!  erg em™2 s s flux

961017 1.98 5.07 1.2 11.0 11.5 11.3 15.9
961220 1.60 18.1 9.8 9.0 11.5 11.5 14.5
970223 16.84 968 16.3 115 11.0 9.0 10.2
970714 1.32 17.1 2.0 14.1 11.3 11.7 14.6
970919 0.77 22.5 20.9 11.8 11.5 12.3 14.3
971006 1.79 258 48.1 171 12.1 114 11.7
971227 2.11 9.25 6.8 10.0 12.3 11.2 15.3
990129 4.99 585 200 140.8 14.5 10.3 10.8
990308 1.26 164 50 132.1 13.5 11.8 12.2
990316 3.67 529 40 13.6 14.3 10.6 10.9
990413 2.57 68.1 15 13.0 14.0 11.0 13.1
990803 12.19 1230 28 15.0 14.5 9.3 10.0
990918 3.17 25.2 6.5 8.3 14.3 10.8 14.2

burst can be quantified by its peak flux and/or its total fluence we present predic-
tions for both in the last 2 columns of Table 1. When we compare these results with
the LOTIS limiting magnitude in the column 5, we find that the predicted prompt
optical signals are in most cases brighter that the LOTIS upper limits (especially
after GRB 970919 when LOTIS was upgraded). This suggests that GRB990123
was not a typical GRB.
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FIGURE 2. LOTIS constraints on GRB production parameters. The darker regions are pre-
ferred by LOTIS.




The LOTIS results have also been used by Sari & Piran to constrain their
external-reverse-shock GRB model. This model assumes that the fraction of the
GRB energy emitted in the optical band depends on the values of the cooling fre-
quency and the characteristic synchrotron frequency. Extending this theory to the
external reverse shock model for prompt optical signal, requires physical parame-
ters of €. and ep that are the fraction of equipartition energy in the electrons and
magnetic field; n, the density of the surrounding matter in em™3; and 7, is the
initial Lorentz factor. Assuming that the observable parameters of the total flu-
ence and the observation time are fixed at $=2.33 x 1077 erg cm™2 and t=10 s, we
predict the likely gamma-ray burst production environment shown as the contour
lines are shown in Figure 2. The darker regions in these plots are favored by LOTIS
limits. From this analysis LOTIS results imply that the GRBs are created at low
surrounding matter density, high initial Lorentz factors, low equipartition energy
in the magnetic field, and high equipartition energy in the electron.

LOTIS SKY PATROL DATA

The typical rate for burst triggers is ~1/month. While not responding to burst
triggers, LOTIS systematically acquires all sky data ~4 times/night. We have
just begun to analyze this data set for variable objects. Figure 3 shows the light
curves for two example stars over 3 months selected from the field near SS-Cyg.
This data set includes most seeing conditions experienced over the 3 month period
including periods of bright Moon phase. We analyzed the data utilizing the daophot
photometry code to produce the light curves. Shown in the figure 3 are the light
curves for a non-varying star and a cataclysmic variable, SS-Cyg. The data for
the non-varying star shows that we can monitor variability with a photometric
accuracy of mag~0.03 for mag~12.0 stars. The second panel shows the light curve
for SS-Cyg. We can clearly monitor its outbursts. When the outburst was brighter
than mag~9.5, SS-Cyg saturated the camera. Encouraged by this result, we plan
to expand this analysis to all of the data.

SUPER-LOTIS

Super-LOTIS is a next-generation system designed to be sensitive enough to
detect GRB prompt optical levels predicted by current theories. The telescope
(second picture in Figure 1) is a Boller and Chivens 0.6 m reflective telescope of
f/3.5. We automated the telescope for GRB follow-up work by adding computer
controllable drives. These drives can point to any part of the sky within 30 s upon
receipt of a GCN trigger. We also designed and fabricated a custom 4-element coma
corrector to match the point spread function to the pixel scale at the corners of the
imaging CCD. The sensor is an upgraded LOTIS CCD camera. Super-LOTIS has
a 0.84 x 0.84° field-of-view (1.5”/pixel) sufficient to cover the error boxes expected
from upcoming GRB satellite missions.
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FIGURE 3. LOTIS sky patrol data: light curves for a non-varying star and a cataclysmic
variable, SS-Cyg

Our data acquisition system includes custom readout electronics, a custom hard-
ware power control unit, a weather station and a housing control unit. Extensive
on-line scheduling software has been written to handle various triggers. Priority is
given to the most recent trigger that has smallest error box. Our scanning strategy
and automation allows us to record GRB optical activity as early as 30 s.

In April 2000, we moved Super-LOTIS to the Kitt Peak National Observatory
and are ready to receive real-time GRB coordinates form the HETE-II satellite
which was successfully launched in October, 2000.

OTHER PROMPT FOLLOW-UP EXPERIMENTS

TAROT: TAROT-1 has been operating since July 1999. It uses 20 cm aperture,
/3.2 telescope with a 1024 x 1270 pixel CCD. Its field-of-view is 2 x 2° and it is
located in France. Because of its small-field-of-view optics, it didn’t cover many
real-time BATSE triggers [11] even though its mount can respond to a burst trigger
within a few seconds. They have a plan to construct TAROT-2 that has bigger
optics (1.5 m aperture) and a 2000 x 2000 CCD with a spectrometer. This system
is under development.

ROTSE: ROTSE-I is similar to the LOTIS except the CCD array which has
smaller pixel size thus the total field of view is 16.4 x 16.4°, slightly smaller than
LOTIS. The ROTSE collaboration is now constructing ROTSE-II which has 45 cm
aperture with f/1.9. This system is under construction as of September, 2000.

BOOQOTES: BOOTES utilizes 30 cm f/3.3 telescope with a 1530 x 1020 pixel CCD.
Its total field of view is 49' x 33’ and it is operating in Spain. They have responded
to many BATSE triggers but again its small field-of-view provided only limited
coverage of the GRB error boxes [12].

There are other telescopes under construction including YSTAR [13] that will
attempt to automatically respond to burst triggers given by GRB satellites but not
many are in operation as of September, 2000.




FUTURE AND CONCLUSION

The promptly responding automatic telescopes require real-time burst coordinate
triggers from GRB satellites. In June 2000, the CGRO that distributed BATSE
coordinates in real-time was shut-down. Until HETE-II is fully operational, only
Beppo/SAX and the IPN are distributing coordinates with a typically delay of 1~2
days. For these events, we examine the sky-patrol archives for the earliest LOTIS
image taken after the GRB of the location of the Beppo/SAX or IPN coordinates.
In some cases the archived images are taken as early as 2~4 hour after the GRB.

The trigger delay problem will be solved when the HETE-II is fully operational
and starts distributing coordinates in November, 2000. Other satellites such as
Integral (2002) and SWIFT (2003) will provide more frequent real-time triggers as
well.

Observation and measurement of prompt optical signals from GRBs will greatly
enhance our understanding of the GRB progenitor. LOTIS results show that the
flux of the prompt optical emission does not scale with gamma-ray peak flux or
fluence. With LOTIS and Super-LOTIS, we will be able to observe GRB optical
activity from 10 s to many hours after the event down to a magnitude 14~19. With
HETE-II and other prompt GRB coordinate distributing satellites, we will be able
to measure early time optical activity.

This work was performed under the auspices of the U.S. Department of Energy by
University of California Lawrence Livermore National Laboratory under contract
No. W-7405-Eng-48. This work is also supported by the NASA contract number
S-03975G.
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